model, [3] , a Bingham model, [9] , or a Herschel-Bulkley model, [5, 10] but in any case a clear link was established between these models to explain the evolution from one to another.
INTRODUCTION
In wastewater management, rheological measurements are presented as of special interest for mixing, chemical conditioning or dewatering [1] but sewage sludge is often seen as a complex mixture and its rheological behaviour considered to be highly dependent of the implemented treatments [2 -3] . The literature presents a wide variety of results: sludge is always non-Newtonian [4] , exhibits a yield stress [5] or not [6] , is shear-thinning [7] or thixotropic [8] . Moreover, on the basis of repetitive experimental procedures and statistical analysis, the steady state behaviour was represented with the help of either a pseudo-plastic ley to Ostwald model follows an exponential relationship with the solid content but its existence was not explained: no result is available to explain why in one case an Ostwald model is better to fit the data and why a Herschel-Bulkley model is better in another case.
Thixotropy is also a complex parameter which darkens the understanding of the rheological behaviour. Indeed, thixotropy refers to time-consuming structural changes at a given shear rate, [12] . That means that the shear stress decreases when the shear rate is imposed and so the yield stress which could disappear for long shearing times. Consequently this phenomenom could also explain the evolution from a Herschel-Bulkley model to an Ostwald model. It was also recently shown that the existence of a stress overshoot and a hysteresis loop inside the rheogram cannot be used to define the thixotropic character of a sludge [13] .
In this work, using a new technique for reconstruction of instantaneous velocity profiles based on repetitive creep measurements it was demonstrated that the rheological behaviour of sewage sludge is a competition between flocculation and deflocculation under shear, like for many other jammed materials. Below a critical shear stress, associated to a non-zero shear rate, the material structure progressively rebuilds while above this critical shear stress, the material flows in steady state which can be modelled by a truncated power-law. It was also highlighted that the critical shear rate and stress are dependent on the solid concentration and the fractal dimensions of flocs.
MATERIAL AND METHODS
A Paar Physica MCR 300 dynamic rheometer equipped with large gap coaxial cylinders, (inner cylinder (a four-blade impeller): r 0 = 12 mm, outer cylinder: r 2 = 19.5 mm or 55 mm; length: 70 mm) was used. Tool surfaces were roughened to avoid wall slip [14] .
A new rheometrical technique described in detail elsewhere [15] was applied. This method consists in reconstructing the deformation or the velocity profiles in time within a wide-gap Couette geometry from a serie of tests under qualitatively similar stress histories but at smaller absolute torque values. Each of these elementary tests started from the material in the same state: pres-hear at 180 rpm for 10 minutes then rest for 2 minutes and we recorded the rotation angle over 20 minutes, more precisely during the very first instants of the flow. Note that the preshear allows to obtain a material with the same destructuration state for each triptych, but the material is not homogeneous within the whole sample, due to the decrease of the shear rate distribution across the gap. Whichever the intensity of the preashear the initial state remains unknown but always the same. Successive torque levels were then applied in the same way following exactly the same procedure (preshear, rest, shear), which ensures that the initial state of the material, S 0 , was identical before each creep test. The different torque levels were chosen in order to obtain a sufficient resolution of the reconstructed velocity profile. The tests were carried out at a temperature of 20ºC. In order to avoid drying effects the geometry was covered with a paraffine film. It was checked that no significant evolution of edge effects or material characteristics occurred by comparing the torque levels reached during the different preshears. When the sample was removed during a series of creep tests in order to avoid its possible degradation in time, the torque level under the first preshear was used as a reference to correct the new effective torque. This correction makes it possible to take into account slight changes of sample volume or edge effects.
In a Couette geometry, in the absence of inertia and edge effects, it may be demonstrated [16] , that g = -r ∂j/∂r (and equivalently g · = -r ∂w/∂r) and t = -M/2phr 2 , in which M is the torque applied to the inner cylinder and g is the deformation, g · the shear rate, j the rotation angle, w the rotation velocity, and t the shear stress within the material. The velocity profile in time for the highest torque level may then be reconstructed from such a set of tests. Indeed, as shown by [15] , since the shape of the shear stress distribution (proportional to the torque applied and decreasing with the square of the distance from the axis) does not vary with the distance, the local rotation velocity at some finite distance within the material for a given applied torque is identical to the rotation velocity of the inner cylinder for a sufficiently smaller torque applied:
Practically, each creep test makes it possible to determine the local behavior at the vicinity of the mobile and this local behavior is exactly the same if a higher torque were applied with a higher diameter mobile.
Step by step, it is possible with such a method to draw the velocity profile or the strain profile within the gap [15] . With such a method, a mathematical relationship between the instantaneous angular velocity and the radius can be fitted on the experimental points in order to calculate the local shear rate: only the instantaneous data points are needed during each creep test, [17] .
Liquid sludge was picked up in a French WWTP located in Eure (north of France) and pasty sewage sludge was picked up in a French WWTP located in Allier (central France). In order to analyse the influence of the water content by neglecting the influence of the nature of the solid compounds, a pasty sludge was diluted with distilled water. Distilled water was chosen rather than extracted liquid to maintain constant the number of charges and not the charge concentration. Several samples were prepared at different water content but with exactly the same qualitative solid composition. These samples, and all the others, were stored at 4°C in order to avoid fermentation.
RESULTS AND DISCUSSION

BEHAVIOUR DETERMINATION
Whichever the nature of the sludge, the material qualitatively gives the same response when submitted to a constant shear stress ( Figure 1 ). During the first instants of the flow, the sludge deforms homogeneously within the gap. The parallel straight lines (in a logarithmic scale) indicate a linear viscoelastic behaviour: by scaling the curves j(r, t) by j(r 0 , t), where r 0 is the radius of the inner cylinder, a single master curve is obtained which means that:
Then, an abrupt transition occurs from viscoelastic to viscous regime in 2 distinct regions when the rotational angle (and so the strain) reaches a critical value: at the beginning the fluid is apparently sheared over a long distance but following the previous equation, the higher the shear stress, the lower the time to reach this critical strain: j c = cte = t f(t) (see Appendix).
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Figure 2 (below):
Velocity profile inside a large gap rheometer and its evolution with experimental time for a liquid sludge at 1.5 % dry matter (left) and a diluted pasty sludge at 4.4% dry matter (right). A steady state is reached at the vicinity of the mobile while the velocity decreases towards zero further. Each curve represents the rotational velocity or angle within the gap at a given time.
stress and the radius, for a given shear stress, Eq. 2 writes:
On the whole tested samples, experimental measurements showed that the structural parameter can be modeled by the following form ( Figure 3 ): (4) where m increases with the shear stress while m decreases (m is equal to 0 when the sludge behaves like a liquid); t 0 is parameter to dimensionless the time. Thus, for a given applied shear stress, if (∂j/∂t) t is negative a constant shear rate cannot be defined: it is always the case as long as the structural parameter is not equal to 1.
When l is smaller than 1, if one tries to determine the shear rate from creep measurements, the best model to fit the data appears to be the Herschel-Bulkley ( Figure 4 ) but with a yield stress depending on the shearing time (Figures 4 -5): the longer the shearing time, the higher the yield stress. This last tends towards an asymptote which is equal to the smallest value for which a homogeneous flow is reached: t c . The rheological behaviour of sewage sludge usually defined by a Herschel-Bulkley model is in fact only an apparent behaviour, highly dependent on the experimental conditions, including temporal effects linked to the material reorganization.
When l is equal to 1 for stresses higher than t c , (∂j · /∂t) t = 0 î (∂g · /∂t) t = 0: the steady state behaviour of sewage sludge can be defined. Note that for t c , a non-zero velocity (and consequently a non-zero shear rate) is reached. Equation 3 simply becomes: j(t) ª k(t) t ï j · = k(t). In that
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When the critical strain is reached, there is a progressive separation of the fluid into two regions: close to the inner cylinder the fluid goes on flowing at a significant constant rate while the velocity profile in the remainder of the fluid progressively decreases towards zero (Figure 2 ): the material physically ages.
It is successively observed within the gap a homogeneous deformation of the material structure which is then broken but which is progressively rebuilt if the applied local shear stress is not sufficient enough. Nevertheless, if the applied local shear stress is sufficient, the material continuously flows. Due to the decrease of the shear stress within the gap, three distinct zones can thus be defined:
I A first one where the material is always linear viscoelastic as long as the rotational angle is smaller than j c I A zone limited by a critical radius, close to the mobile, where the material is always viscous (after a sufficient shearing time) I An intermediate zone where the material is first viscoelastic solid before becoming a temporarily viscous liquid which reorganizes to become a solid again Then, it is quite logical to consider the total rotational angle simply like the sum of a viscoelastic solid term j v-c and a viscous one j v , both pondered by a structural factor l, equals to 0 when the structure remains unbroken and equals to 1 when it is completely broken:
A simple Kelvin-Voigt model can be perfectly considered to fit the experimental data in the viscoelastic regime at low shear stress while the viscous contribution can be modeled by a straight line with the experimental time. Consequently, keeping in mind the parallel between the shear case, knowing the shape of the shear stress distribution, the velocity profile is a single curve in a (r/R c , v/R c ) diagram (where R c is the critical radius), as observed by MRI measurements (Figure 6) . Thus, the velocity profile writes: v(r)= R c f(r/R c ) which gives g · = R c F(r). A general relation can be deduced between the shear rate and the shear stress by writing:
which is in particular valid for a torque for which the critical radius is equal to 1. So, t = M 1 G(g · ). For any other torque, by eliminating the local stress we get:
where b = M 1 /M is a function of the variable a = 1/R c . Then we can successively show that G(a p ) = G(a a p-1 ) = b(a) G(a p-1 ) = b(a) p G(1) for any entire p, then for any rational p/q, then for any real x. In particular, G(x) = G e ln x = x ln (b(e)) which means that G is a simple power-law function. The relation between the shear rate and the shear stress is a (truncated) power-law only valid for shear stresses higher than t c defined as follows:
Following the results of [11] , for who the rheological behaviour of pasty sewage sludge can be divided into three parts delimited by two critical shear stresses t 1 and t 2 , it can be precised that:
I t 1 is the shear stress below which the shear is totally homogeneous within the gap whichever the shearing time. t 1 is the shear stress associated to the critical rotational angle j c and clearly depends on the experimental conditions, such as preshear intensity and time of rest. In other words, t 1 has no real significance except it corresponds to j c . I viscous forces dominate above t 2 i.e. the flow seems to be well developed so that t 2 = t c . In that case, l = 1.
To sum up, the rheological behaviour of sewage sludge can be defined as follows:
I Below a critical shear strain, g c , associated to j c , the structural parameter remains close to 0 and the material behaves like a linear viscoelastic solid, I Above g c , the structural parameter is not negligible, the material starts to flow but the shear rate is a decreasing function of time if the shear stress is smaller than t c (l < 1), I For stresses higher than t c , the shear rate is constant with a low value equals to g · c : the material behaves like a viscous liquid in steady state.
In other words, below t c , the solid structure rebuilds, even under shear (Figures 1 and 2) : the rotational speed decreases when a moderate stress is applied, so the viscosity progressively increases. By drawing a parallel with what happened in glassy materials [18] , a part of the particles network is still relaxing while another one is deformed but not sufficiently enough to see the global structure collapses and the material starts to flow: we have typically a competition between aging and shear rejuvenation, that's why the shear rate decreases with time and that explains why a homogeneous flow cannot be obtained.
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Volume 18 · Issue 1 Sludge is mainly made of water and organic polymers: during shear, there is a strong competition between colloidal forces which tend to rebuilt the solid structure (physical aging) and hydrodynamic forces which tend to maintain the solid structure broken (shear rejuvenation). This result can be closed up to the mechanisms of flocculation and deflocculation under shear [19] : Chaignon et al. [20] have evidenced that floc size is governed by an equilibrium between flocculation and deflocculation during mixing. At low shear stress, the sludge first deflocculates but reflocculates if the shear is not high enough: solid characteristics are not negligible and become more and more predominant during shear which define the thixotropic behaviour of sludge. At high shear stress, the sludge cannot reflocculate and flows steadily as soon as the structure is fully broken.
In practice, such a behaviour gives a clear explanation about clogging in pipe transport: the shear stress is maximum near the wall and decreases from the wall to the center. If the wall shear stress is high enough everywhere in the pipe, the flow is possible. Nevertheless, due to loss friction, if the wall shear stress becomes smaller than t c , the velocity progressively decreases towards zero and the flow stops. To avoid clogging, one must know the wall shear stress at the end of the pipe and calculate the loss friction to determine the pressure at the opening.
INFLUENCE OF THE CONCENTRATION
Here, diluted samples are used. As underlined in the previous section, thixotropy (i.e. temporal effects under shear) is in fact an intrinsic property of soft jammed material, such as gels or sewage sludge, but these temporal effects only concern the solid characteristics of the material. As soon as the critical shear is reached, the solid structure is completely broken and the material memory is erased.
Because thixotropy is due to a competition of solid interactions and viscous forces, it appears quite logical that the stronger the solid interactions, the higher the degree of thixotropy. In other words, the solid concentration should have a direct influence onto the thixotropic behaviour. That's why the analysis is also focused on the evolution of the critical values, strain and stress, in relationship with sludge concentration, by fixing the nature of the solid phase and by determining mathematically the rheological parameters of the flow model.
In the following, only the case of a broken structure is considered: l = 1. Practically, in the steady state regime the velocity profile can be well fitted by v(r)= a r -m + b r which ensures an exact formulation of the shear rate: g · (r)= a (m + 1) r -m-1 . From the shear stress calculation t = -M/2phr 2 , the exact flow curve can be drawn for shear rates higher than g · c (Figure 7 ):
This behaviour is qualitatively valid for all the samples used. Quantitatively, some differences are evidenced: the power-law index of the behaviour law, n, is all the more high that the volatile fraction (VF) of the sludge is small (n = 0.36 when VF = 0.5 and n = 0.24 when VF = 0.7). These observations are quite logical in the sense that during fermentation, micro-organisms debased organic matter and transformed macromolecules into smaller molecules: the smaller the volatile fraction, the less numerous heavy macromolecules [21] and the less numerous entanglements. Less mechanical energy is needed to maintain the flow. Moreover, with the diluted samples, the critical shear rate and stress are two increasing functions of the solid content (Figure 8 ), both following a power-law for which the parameters are all
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Such a result was already underlined for the elastic modulus of clay-water suspensions [22] corresponding to a percolation process associated to the yield stress appearance. Above the percolating concentration f 0 , a continuous network of linked particles take place (the material does not settle) and the number of particles involved in the infinite aggregate increases following an equation similar to (6) where the exponent is related to the fractal dimension of the aggregates [23] . According to Li and Ganczarczyk [24] , the smaller the fractal exponent, the more the structure volume has empty spaces. This approach is fully in agreement with our values: sludge with a high volatile fraction contains more macromolecules than a mineralised sludge and consequently has a greater porosity.
In practise, thixotropic effects can alter pipe transportation by producing clogging if the wall shear stress is not high enough to maintain a homogeneous flow at least near the wall. Knowing that the shear stress is a power law function of the solid concentration, these results are a first step to help plant designers to select piping or pumping facilities based on the range of rheological properties they will anticipate.
CONCLUSION
The time-dependence behaviour of sewage sludge was investigated by using a new technique for reconstructing the velocity profile within the rheometer. It was shown that sewage sludge is a linear viscoelastic solid during the earliest instant of the shear. Then it starts to flow when the shear strain reaches a critical value but the flow is homogeneous only when the shear rate is higher than another critical value. Otherwise the solid structure progressively rebuilds even under shear which explains why the viscosity increases.
A rigorous analysis demonstrated that in steady state the flow can only be modelled by a truncated power-law limited by critical shear rate, g · c and shear stress, t c . These two parameters are increasing functions of the solid concentration: the higher the solid content, the higher g · c and t c . In other words, the rheological behaviour of sewage sludge is governed by a competition between solid particles interactions and viscous forces as long as there is not settling. When solid particles interactions are stronger than the viscous forces, the material physically ages (flocculation) and presents some temporal effects while when viscous forces are predominant the flow is well developed and the structure memory is erased (shear rejuvenation or deflocculation).
These results allow to explain the problems encountered in pipe transportation, focusing on clogging and how to avoid it, by calculating the highest concentration to be pumped in relationship with the dimensions of the pipes.
